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Abstract. Hydropedology is well positioned to address con- be useful throughout the Coastal Plain region. Similar work
temporary issues resulting from climate change. We pro-for other climate-change and land-use issues can be a valu-
pose a six-step process by which digital, field-scale maps willable contribution from hydropedologists.
be produced to show where climate change impacts will be
greatest for two land uses: a) home sites using septic sys-
tems, and b) wetlands. State and federal laws have defined
critical water table levels that can be used to determine wherd ~ Introduction
septic systems will function well or fail, and where wetlands
are likely to occur. Hydrologic models along with historic By uniting the disciplines of pedology and hydrology, hy-
rainfall and temperature data can be used to compute longropedology has created unique tools to address issues fac-
records of water table data. However, it is difficult to extrapo- ing the environment. Hydropedology is well positioned to
late such data across land regions, because too little work haddress contemporary problems that deal with land uses af-
been done to test different ways for doing this reliably. Thefected by saturated soil conditions, including some problems
modeled water table data can be used to define soil drainageot currently recognized or addressed by scientists working
classes for individual mapping units, and the drainage classe§ hydropedology. Our interest here is to explore ways in
used to extrapolate the data regionally using existing digitahich hydropedology can be used to examine the impact
soil survey maps. Estimates of changes in precipitation andhat climate change may have on land use patterns. Climate
temperature can also be input into the models to computé&hange is currently an active area of investigation because of
changes to water table levels and drainage classes. To dgorldwide concern over the impacts it could have on land
this effectively, more work needs to be done on developinguse. Public health impacts will be addressed indirectly by
daily climate files from the monthly climate change predic- predicting where ground and surface water contamination
tions. Technology currently exists to use the NRCS Soil Sur-may occur. Our focus will be on the Coastal Plain region
vey Geographic (SSURGO) Database with hydrologic modelof the Southeastern US. The methods we will explore can be
predictions to develop maps within a GIS that show climateused in any landscape with some modifications due to differ-
change impacts on septic system performance and wetlan@nces in soil conditions. Because we deal with future direc-
boundaries. By using these maps, planners will have the options, our objective in this review is to propose a framework
tion to scale back development in sensitive areas, or simplyor evaluating the consequences of climate change on land
monitor the water quality of these areas for pathogenic or-use. We do not explicitly apply the method to obtain a final
ganisms. The calibrated models and prediction maps shoul@utcome, but instead identify potential problems that need to
be addressed before the method can be fully realized.
Hydropedology tools and concepts will be very effective in

Correspondence tdv. J. Vepraskas addressing climate change issues, because they can be used
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where and when the changes will occur (Fig. 1). County soil
survey data are typically developed at scales of 1:24 000 and [ Suitable for Septic Systems
can be used by hydropedolgists for areas as small as 1ha Emg‘rﬁa' Wetland
When portrayed at these map scales, the impacts of climate
change can be seen and understood by landowners. A hy
pothetical example is shown in Fig. 1 for Pitt County, North
Carolina, which is a rapidly growing area in the Southeastern
US. The map shows where wetlands are expected to be foung
in the year 2050, and also shows where land is suitable for
the septic systems that are commonly used for residential de 2050
velopments. With such mf(_)rmatlon, county planners in 2009 63% Wetland
can see where future housing developments should be placed
and where they should be prohibited to avoid creating a pub-
lic health threat that results from septic systems that fail due| o 5 10 20 Kilometers
to rising groundwater. Our goal in this review is to show how e
such maps might be prepared for counties across the Coastal o ) ] ] ) ]
Plain region by combining climate change predictions with 9- - A hypothetical illustration showing how soil mapping units
. . . . can be used to portray suitable soils in one county in North Car-
soil survey data. We will use illustrations that were based on

. . . olina for either septic systems or wetlands. In this example we've
the assumption that global warming will cause water tables plc sy P

. ) , g assumed that in 2050 over 60% of the soil mapping units will meet
to rise. This assumption was used for convenience, and Wee requirements for jurisdictional wetlands.

emphasize that we do not know what the impacts of climate
change will be at this time. However, the tools and concepts
discussed will be applicable regardless of whether water ta-
bles over the next 30 years rise, fall, or remain where the

are today.

How Coastal Plain soils are used is largely governed by
he depth to their seasonal high water table (Daniels et al.,
1999; Lindbo et al., 1998). As a result of the relatively flat
topography, low elevation above sea level, and long distances
between streams in the Coastal Plains, water tables can be
2 Proposed methods found within 2m of the surface in most Coastal Plain soils.

Water table depth determines whether a given soil is either
To achieve the objectives stated above, we propose a coursgiitable for residential development and use of septic sys-
of action that consists of six steps: 1) define land uses otems, or is capable of supporting freshwater wetland ecosys-
interest, 2) define critical water table levels for each use, 3xems. These land uses are important for consideration related
estimate current water table levels in soils of interest, 4) ex+to climate change because they are common in the Coastal
trapolate modeled water table data across broad geographiiain physiographic region of the Southeastern US, are af-
regions, 5) determine changes in water tables associated witfected by high water tables, and occupy mutually exclusive
climate change for future years of interest, and 6) create mapsoils in a landscape.
showing changes in potential land use patterns. We illustrate Septic systems (Fig. 2), which depend on natural drainage
ways to achieve these steps by focusing on land use problemgnd separation from the water table for waste treatment, are

faced by planners in the Southeastern Coastal Plain. the major method of waste disposal in Southeastern subur-
] ban developments. According to census data (US Census
2.1 Land uses of interest Bureau, 2006), approximately 26 million households or 21%

of the housing units in the United States use on-site sys-
ms for managing their household sewage. In North Car-
ina, almost one-half of the population relies on septic sys-
ems for domestic wastewater management (US Census Bu-

The low lying Coastal Plain of the Southeastern US will be
among the first land areas to experience potential impacts o |
climate change that affect sea level, precipitation, and tem-

perature. This region extends from New Jersey southwarcﬁeau, 1993). Based on the North Carolina population of

along the coasts of the Atlantic Ocean and Gulf of Mexico g y~1 535 tor 2007 (US Census Bureau, 2008) and the av-
to Texas, and is among the most rapidly developing areas irérage number of people living in a hous’ehold (2.5), we es-

theriusl't' \;Vhll?nthet;]egllc;r;ggsthh|stor|crilllt)i/ ?ﬁ? n lrglporrr:agt forrtimate the number of on-site wastewater treatment/disposal
agricuiure, since the 19/s the popuiation has boomed, pa systems in the state to exceed 1.8 million. Assuming an aver-
ticularly around major cities such as Houston, Miami, Jack-

age daily water use of 260 L per individual (EPA, 2002), and

sogvglﬁ, Chlarltzegtcc)DSn, al\r/lld \{lrgumal Beachtarr]nong otherz(_l_atnhgthe aforementioned estimate of people currently using sep-
an avale, )- Most development has occurred in Sic systems (4.5 million), the volume of wastewater applied

suburbs around major cities. daily to North Carolina soils through septic systems exceeds
1.17 billion L (3.11x 10 gallons).
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Approximately 50% of the original wetland in the US had
been drained or filled for agricultural or urban uses by the _ .,
1970's (Dahl, 1990). In North Carolina, drainage for agri- &8
culture has reduced wetland area from approximately 40%§
of the Coastal Plain prior to 1700, to approximately 10%
of the Coastal Plain in 1990's (Lilly, 1993). Expansion of
suburbs has put increasing pressure on wetlands, but currerg
state and federal laws are expected to maintain the existingaiasses
wetland area (National Research Council, 1995). Existing
laws require that before wetlands can be filled in or drained,
permits must first be obtained from agencies such as the US
Army Corps of Engineers. Such permits usually require that
any lost wetland area be restored or replaced to offset the los<
(National Research Council, 1995).

Climate changes that affect water table levels in soils will

Plumbing vent

Effluent absorption
and purification

Fig. 2. An illustration of the components of a conventional septic
system used for disposing of household waste in unsewered areas.

. . . . ®rhese systems are widely used in suburban areas. Soil water ta-
interaction of residential development and wetlands. Develyg eyels determine where such systems can be used, because the

opment in Coastal Plain areas is determined to a large eXpachfield/drainfield must be a fixed distance above saturated soil
tent by the amount of land available for on-site waste dis-|jayers in order for wastewater to seep into the soil and not come to
posal. On the other hand, jurisdictional wetlands often oc-the surface. (Drawing courtesy of Property Doctor, Johnson, RI).
cur at locations where soils are unsuited for waste disposal.

Because waste disposal and wetlands occur on mutually ex-

clusive soils, we can simultaneously focus on defining thelaws, and in some states of the US this distance varies with
impact of climate change on both septic system performancasoil texture. Cogger et al. (1988) conducted a field investiga-
and changes in wetland area. If land is suitable for a septidion in the Outer Banks of North Carolina and reported that
system, then it cannot be in a jurisdictional wetland accord-more than 30 cm of separation distance between the bottom

ing to current state and federal laws. of the trenches and water table is required for remo¥&sg
cherichia coliorganisms from sandy soils with a high water

2.2 Defining critical water table levels table. In North Carolina, a minimum separation distance of
45 cm is required for sandy soils, but only 30 cm is required

2.2.1 Septic systems for all other soil textures (NCGA, 2005). Regulations dif-

fer slightly for other states. Regardless of the length of the
The most common type of septic system is the conventionakeparation distance, its purpose is to provide an aerobic envi-
or gravity fed septic system (Fig. 2). In general, a con-ronment for organic materials in the wastewater to be attenu-
ventional septic system is composed of a septic tank and ated, and pathogenic microbes to be immobilized within the
drainfield. The drainfield is generally composed of a seriessoil (Amador et al., 2006; Cogger, 1988; Powelson and Mills,
of media-filled trenches that are approximately 90 cm wide2001). Where site hydrology has been altered by drainage,
and 60 to 90 cm deep, with a minimum of 270 cm distanceseparation distance is determined by monitoring water tables
between the centers of the neighboring trenches. For areagnd rainfall (Lindbo et al., 2004; Severson et al., 2008). In
where the soils have limitations for a conventional system,North Carolina the seasonal high water table determined by
an alternative system, such as low-pressure pipe distributiofonitoring is defined as the depth at which there is at least 14

system (Cogger et al., 1988), areal fill (NCGA, 2005), or a days of continuous saturation for 3 out of 10 years (NCGA,
drip system (Oron et al., 1991), are used for disposing 0f2005).

wastewater within the drainfield.

In order for a septic system to function properly, all the 2.2.2 Freshwater wetlands
wastewater applied to the drainfield must infiltrate the soil
and move vertically through the unsaturated (aerobic) soilln the US, wetlands that are protected by state and federal
below the trenches before entering a water table. In areakws are termed “jurisdictional wetlands”. These wetlands
with relatively shallow water tables, maintaining an adequateare identified on the basis of three parameters: wetland hy-
thickness of aerobic-soil conditions between the bottom ofdrology, hydric soils, and hydrophytic plants (Environmen-
the trenches and the seasonal high water table is crucial faml Laboratory, 1987). The most critical parameter is wet-
proper treatment.Separation distancés the required dis- land hydrology (National Research Council, 1995), because
tance between the bottom of drainfield trenches and the top ait controls whether hydric soils can form and whether wet-
the seasonal high water table that is needed for proper treatand plants will dominate the ecosystem. Hydric soils form
ment of wastewater by soil. This distance is specified by stateinder saturated and anaerobic conditions that occur during
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the growing season. Without saturation the soils will not 1989; Cox et al., 1994; Karvonen and Skaggs, 1993). Results
become anaerobic, because water must fill enough pores igenerally show that DRAINMOD reliably predicts water ta-
order to exclude atmospheric oxygen from the soil. Satura-ble fluctuations.
tion is also necessary for hydrophytic plants to predominate  DRAINMOD was used by He et al. (2002, 2003) to pre-
(Conk and Fennessey, 2001). dict water table fluctuations across a toposequence of Coastal
Wetland hydrology can develop through either inundationPlain soils for a 40-year period. The model was calibrated
(flooding or ponding) or by saturation with groundwater. separately over a 2 to 3 year period by measuring daily water
Wetland soils on the Coastal Plain flats are not subject taable levels and rainfall so that measured and predicted daily
flooding, but are saturated by groundwater when the watekvater table levels differed by an average absolute deviation
table is near but not necessarily above the surface. For jurisef <15 cm. Model calibration was done separately for eight
dictional purposes in the US, wetland hydrology occurs whensoil locations at two toposequences. A 40-year record of his-
soils are saturated within 30 cm of the surface for at least 5%oric rainfall and temperature data (from the nearest avail-
of the growing season in at least 5 out of 10 years (Environ-able weather station) were input into each calibrated model
mental Laboratory, 1987). Using this definition it is a simple to compute daily water table levels for each soil. Caldwell et
matter to determine when wetland hydrology occurs at a siteal. (2007) used DRAINMOD to evaluate the 40-year water
using a complete set of water table measurements that extertdble levels of organic soils. Vepraskas and Caldwell (2008)
over a 10-year period. Vepraskas and Caldwell (2008) usedised the data to determine the hydrologies of hydric soil field
DRAINMOD to model long-term (40yr) data sets of water indicators that are used to identify wetland soils.
table levels to identify sites in the NC Coastal Plain that met
wetland hydrology conditions. They showed that sites with2.4 Extrapolating modeled water table data across
hydric soils met wetland hydrology conditions in over 85% broad geographic regions
of the years, and had hydrophytic vegetation as well.
While long-term water table data can now be estimated for
2.3 Predicting water table levels using hydrologic virtually any soil with a locally-calibrated model, the data
models must be extrapolated to similar soils across broad geographic
areas in order to portray climate-change impacts that will be
Water table depths in soils can be predicted using hydro-of use to planners. Techniques for extrapolating such model-
logic models such as DRAINMOD (Skaggs, 1978, 1999). ing results have not been tested to our knowledge. We pro-
DRAINMOD was originally developed to describe water ta- pose that this can be accomplished using county soil-survey
ble levels in drained agricultural fields. It is a functional, de- maps if water table data can be related to the mapping units.
terministic model based on a water balance in the soil profile Soil mapping units are defined on the basis of a variety of
which is typically computed on an hourly basis for a long soil properties. Each soil mapping unit has a soil taxonomic
period of the climatological record. Input data include soil classification and soil drainage classification that are related
properties (e.g. saturated hydraulic conductivity, pore sizeto the soil's hydrology. A map unit frequently contains inclu-
distribution, depth to restricting layer, etc.), site and drainagesions of other soils, and so most units cannot be assumed to
system parameters, weather data, and parameters charactbe composed of a single kind of soil. The dominant soil in a
izing the crop or vegetation (He et al., 2002). The modelmapping might be the most appropriate to use to extrapolate
determines water table depth and soil water content abovevater table data to similar soils.
the water table at each time step using functional algorithms  For this review, we will illustrate how soil drainage classes
and numerical methods to calculate infiltration, evapotranspimight be used in conjunction with soil maps to portray
ration, drainage, surface runoff, subirrigation, and deep andlimate change impacts. Currently, the NRCS provides a
lateral seepage. drainage class for every soil series mapped, but the exact re-
DRAINMOD can be used to simulate the hydrology of lationships to periods of seasonal saturation are not defined.
wetlands. Algorithms in the model are set to calculate theSoils from common Coastal Plain toposequences in North
length of a continuous period when the water table is closeiCarolina will be used for this illustration.
to the surface than a threshold depth. This calculation is con-
ducted for the “growing season”, which is a model input, 2.4.1 Toposequences and soil drainage classification
and then analyzed to determine the presence or absence of
wetland hydrology according to the jurisdictional definition. The USDA's soil drainage classification system places any
Skaggs et al. (1994) used this procedure to analyze proposesbil in one class on the basis of perceived depth to seasonal
wetland hydrologic criterion (Skaggs et al., 1994). In ad- high water table during the wet months of a year of nor-
dition, DRAINMOD has been field tested for a wide range mal rainfall (Table 1). Five of the more common classes are
of soils, crops, and climatological conditions (Skaggs, et al.,shown in Table 1, but up to seven classes have been iden-
1981; Skaggs, 1982; Chang et al., 1983; Gayle et al., 1985tified (Soil Survey Division Staff, 1993). As drainage class
Rogers, 1985; Fouss et al., 1987; Broadhead and Skaggshanges from well to very poorly drained, the seasonal high
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Table 1. Soil drainage class names, estimated depths to seasonal high water table, duration of ponding, suitability for on-site waste disposal,
and likelihood of being found in a wetland (adapted from Soil Survey Division Staff, 1993).

Estimated depth  Duration of Useable

Drainage to seasonal high  water ponded for septic

Class water table (cm) on surface systems Wetland

Well drained >120 None Yes No

Moderately well drained 60-120 None Yes No

Somewhat poorly drained  30-60 None Yes No

Poorly drained <30 Short (weekly)  No Yes

Very poorly drained <30 Long (monthly) No Yes
water table rises closer to the surface, and duration of pond- MODERATELY - WELL
ing on the surface increases as well (Fig. 3, Daniels et al., ORNE g FNR
1999). Hillslopes that contain soils with drainage classes A
ranging from well to poorly drained are callemposequences “ o
(Flg 4)' 100 | 100 - |

As shown in Table 1, classifying soils by drainage class is aonthly

useful for quickly assessing whether the soil is suitable for a & 2°°] § zoor ! Co—a bigh
septic system, or is in a jurisdictional wetland. Septic drain- N i R Ve
lines must be placed in soil at a depth that is above the deptl 3°-40é 300 High and low are
of the estimated seasonal high water table. In the Coasta POORLY DRAINED VERY POORLY DRANED ¢ el e

in twenty.

Plain, conventional septic systems are normally placed in
soils having well or moderately well drainage classes. An al-
ternative septic system can be placed in soils that are some 10
what poorly drained. A variety of alternative systems are §
available to overcome the problems posed by soils with shal- 200
low water tables, such as installing drainlines above the soll
surface in a mound of fill material (EPA, 2002). Poorly and
very poorly drained soils are saturated too close to the surFig. 3. Mean seasonal water table levels for four soil drainage
face to support any septic system that requires the use of thelasses. Data were obtained from Ultisols in the North Carolina
soil for waste disposal. As noted earlier, jurisdictional wet- Coastal Plain by Daniels et al. (1987, 1999) for the period 1963
lands must be saturated at depths within 30 cm of the surfacdhrough 1967 using the method of Nelson et al., 1973). Drainage
or above the surface, for at least 5% of the growing seasorclasses o_ffer a_si_mple way _of assessing soil suitability for septic sys-
This requirement can only be met in the poorly drained andtems, or |de_nt|fy|ng potentlal_ wetland areas. Long-term data (e.g.
. . 40yr) is desired to show the impacts of wet and dry years.

very poorly drained soils.

Using the requirements discussed previously, water table

data can be evaluated to determine if a soil is suitable for on- Staff. 1999). Each i i h s i
site waste disposal, or is in a jurisdictional wetland. SuchVeY >t ). Each toposequence type will have soils in a

. . particular textural cl family. Nam f soil series for com-
water table data can also be used to place a soil in a par’uc[-)a ticular textural class family. Names of soil series for co

ular drainage class. By assigning the drainage class to a soﬁpobrl] d;lna%e <(:j|ass_es '? thet_NIC (_Zoas;[al PIamDare_ slhov;/n Im
mapping unit, the distribution of the soils suitable for a sep- able 2 for the dominant particle size classes (Daniels etal.,

tic system, or that are likely in a jurisdictional wetland can 199.9)' Coasta_l _PIa!n soils can b.e associated with a spemﬁg
be identified using existing county soil survey data. _dralnagg classification as shqwn in Table 2, pecause eaqh soil
is found in a landscape position that determines the drainage
2.4.2 Toposequence types class, and in fact drainage class characteristics (and particle
size class) are used in the field to identify each soil.
Most toposequences in the Coastal Plain region contain a It should be noted that while family particle size class dif-
similar range of drainage classes. Soils in Coastal Plairferentiates many Coastal Plain toposequences from one an-
toposequences are distinguished primarily by their familyother, this characteristic may be somewhat unique to this re-
particle size classification. The family particle size class isgion. The soils across large portions of the Coastal Plain
related to the textural classes of subsoil horizons (e.g. Bt andhave similar mineralogy (kaolinitic), landscape characteris-
C horizons) over a carefully specified depth range (Soil Sur-tics, and sets of horizons. We are not suggesting that particle

www.hydrol-earth-syst-sci.net/13/1427/2009/ Hydrol. Earth Syst. Sci., 13, 1438-2009



1432 M. J. Vepraskas et al.: Future directions for hydropedology

Table 2. Soil series found in common drainage classes in the Coastal Plain region in NC.

shown in Table 2 for Coastal Plain soils. It is not known
at this point whether models developed for soils in a single
drainage class for one particle-size family will be applicable
to similar soils in other toposequences for that same fam-
ily. Replicating calibration studies to develop models for the
Fig. 4. lllustration showing changes in drainage class down a hills-same soil type (drainage class and textural class) at different

lope that forms a toposequence of soils. Soil used for septic systenfoposequences would also be advisable.
or wetlands are mutually exclusive. If a septic system is placed in a

somewhat poorly drained soil it may function normally. However, 2. 4.3 Benchmark water table levels in soil drainage

Textures of Drainage Class
Textural BorC Moderately Somewhat Very
family name horizon Well well poorly Poorly poorly
Fine 35-60% clay Marlboro  Craven Lenoir Leaf Bayboro
Fine-loamy
(siliceous mineralogy) 18-35% clay (not silt loam)  Noboco Goldshoro  Lynchburg Rains Pantego
Fine-loamy
(mixed mineralogy) 18-35% clay (not silt loam)  Wickham Altavista Augusta Tomotley  Portsmouth
Fine-silty 18-35% (silt loam) Aycock Exum Nahunta Granthum  None described
Sandy Sand and loamy sand Fripp Corolla Ousley Osier Murville
| | ral class family. Drainage classes of interest will vary with
Well | Moderately | the land uses of interest. For septic systems and wetlands,
| | the most important drainage classes would be the some-
' well | Somewhat : - :
| | what poorly drained, poorly drained, and very poorly drained
I | poorly Poorly classes. At this time, we have to recommend that calibra-
I : drained tion studies be conducted in each of the particle-size families
| |
| |

Suitallble for Horlnesites Wetlands

< y
< >

if climate changes over the next 40 years and the somewhat poorly classes
drained soil becomes poorly drained, then the septic system will
fail, and the soil will be found in ajUriSdiCtional wetland. Once a calibrated model is available for a given soil type

and drainage class, its benchmark water table signature can

be determined (He et al., 2002, 2003). For this discussion
size class is the sole or major factor that differentiates toposewe define a benchmark signature as the average water table
guences from one another in all regions. Because of comlevel found for each day of a year over a 40-year period. A
mon mineralogy, soils in the same particle-size family for DRAINMOD model, or another modeling tool with similar
the Coastal Plain region have similar soil physical properties capabilities, will compute water table levels over time from
such as pore size distribution and saturated hydraulic condaily rainfall and temperature data. Long-term water table
ductivity (Daniels et al., 1987, 1999). Hydrologic models data must then be synthesized to produce simple parameters
describing water table dynamics of a Coastal Plain toposethat can be used for analysis and related to land use. The
guence of soils in the same particle-size family should beparameters of interest will be determined by the objectives
more similar than in Coastal Plain toposequences that conef the study. For this review, we obtain parameters shown in
tain soils of other particle-size families. Their similar hy- Table 3. The water table record for a given modeled soil will
draulic conductivities and pore size distributions control soil be used to determine each of the four hydrologic parameters
drainage rate as well as degree of water table fluctuation fopf interest. The parameters in Table 3 were developed using
a given rainfall event. In other regions outside of the Coastalcurrent national regulations for wetland hydrology, or current
Plain, more soil properties may have to be considered wherstate regulations governing on-site waste disposal in NC. A
attempting to extrapolate hydrologic information. drainage classification will be assigned to each soil by using

In order to estimate water table levels in key soils of adepth to low chroma soil colors, as is currently done by the

single county, a hydrologic model will have to be calibrated YSPA-NRCS. Hydrologic data will then be used to define
separately for the two or three drainage classes of intered'€ hydrologic signature for the drainage class found for each
in a given toposequence. It is advisable to develop separate©l
models for each drainage class of interest in each soil textu-
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Table 3. Hydrologic parameters that will be used to evaluate predicted water table data to evaluate whether soils are suitable for on-site waste
disposal or are in wetlands. Drainage classes will also be defined with the data to allow assigning a drainage class to each soil should it have
changed as a result of global warming.

Hydrologic Parameter of Interest Definition of Hydrologic Parameter(s)

1. Proportion of years wetland hydrology conditions met  No. of days water table within 30 cm of surface during
growing season.

2. Proportion of years site unsuitable for conventional No. of 14-day-consecutive periods a water table is

septic system within 60 cm of surface during winter months

3. Proportion of years site unsuitable for alternative No. of 14-day-consecutive periods a water table is

(areal fill) septic system within 30 cm of the surface during the winter months

4. Hydrologic signature for drainage class a. Average depth of water table between months of November

through February
b. Average duration of ponding on soil surface between
months of November through February

2.4.4 Problems to be resolved ture rainfall and temperature conditions, used to drive the hy-
drologic model(s), may be obtained from a number of avail-

Methods for determining the extent to which results from aable General Circulation Models (GCMs).

calibrated model can be extrapolated need to be developed. )

One potential approach to identify suitable soils for extrapo-2-5-1 ~ Climate change affects on water tables

lation would be to use the USDA-NRCS’s online “Soil Series

Classification Query Facility”. To do this we would select a

specific soil type for which a hydrologic simulation was de-

veloped (i.e., Lynchburg loamy sand). Similar soils can then

be queried using, for example, 1) multiple MRLA's 2) subor-

der, 3) subgroup modifier 4) particle size family, 5) CEC ac-

Climate change directly affects precipitation amount and in-
tensity, and potential evapotranspiration (Calder et al., 1995).
Hydrologic models provide a framework for examining the
complex effects of both climate and land use changes on wa-
tershed hydrology (Leavesley, 1994; Amatya et al., 1997;

tivity, and 6) soil temperature regime. From these parameter rmold et al., 1999; Legesse et al., 2000; Amold and Fohrer,
y ) P g P §005). For example, Stone et al. (2001) used the SWAT

or potentially others) we can search the USDA database fo A . .
orp y ) model (Arnold et al., 1999) coupled with a regional climate

appropriate soil mapping units to target for extrapolation of ; . ;
Pprop PpIng 9 P nodel to examine how doubling atmospheric L£&ifects

the modeled results. The criteria suggested above lead to sel)! . X N .
eral important connections between modeled units and exyvater yield for the Missouri River Basin. They found that

trapolation targets. Multiple MRLA's are specified to match climate cr?artl)ge(;nay mcre_ast()a vvle:)ter yé%';'?jth? fall af‘d wm;j

the proper geologic conditions to those of the modeled sojl B montns l::] e;r.eal'lsellt y f[ﬁ SV(\)/A'Il'mngdS?”n?j an

This not only can separate Piedmont from Coastal Plain soils>Ummer montns. Similarly, using te MOCET and Six
: (gllfferent climate change models, Jha et al. (2006) concluded

%hat the Upper Mississippi River Basin was very sensitive to
for soil drainage class. Particle size family and CEC activity orecasted climate change scenarios. Few studies have been

are used because they are related to saturated hydraulic coﬂ‘—arfto”m:;;j tq exammﬁ (I:t“matltefhf;gg; |m%a;ts fortthle Szglétg
ductivity which is needed for modeling. Soil temperature is eastern Region. McNulty et al. ( ) and Sun et al. ( )

used because it is related to evapotranspiration. studied change-climate impacts on forest hydrology at the
watershed to regional scale across the Southern US using the

ecosystem model PnET. They found that climate warming
would increase forest evapotranspiration as forest growth in-
creases, but overall water yield was expected to follow the

. trends of projected precipitation patterns. Using the DRAIN-
We propose that a hydrologic model such as DRAINMOD ;5 model, Amatya et al. (2006) examined climate change
can be used along W't,h predicted changes n rainfall and. a'fmpacts on drainage and shallow groundwater table levels in
te.mperature to determme water table dynamics under varioug large, drained loblolly pine plantation on the lower coastal
chmate-chgnge Scenarios. Data gengrateq from the I:)RA”\"plain of eastern North Carolina. They concluded that climate
MOD predictions will provide the basis for identifying soils change effects on drainage patterns are largely dependent on

whose suitability of on-site waste disposal may be compro-Changes in precipitation.

mised, and where wetland areas are expanding. Data for fu-

age. Suborder and subgroup modifier will be used as proxie

2.5 Determining future water table levels associated
with climate change
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2.5.2 Potential climate-change data sources and immediate and long-term concerns for water quality impair-
predictions ment.

The primary climate data needed to predict water table fluc2.5.3 Problems to be resolved
tuations (i.e., the future hydrologic regime) for soil topose-
quences via DRAINMOD are air temperature and rainfall. Hydrologic Models such as DRAINMOD often require that
Amataya et al. (2006) used projected climate data from thepredicted changes in precipitation and temperature be re-
VEMAP project (Kittel et al., 1997) to predict changes in solved into daily amounts of precipitation and temperature.
drainage (i.e., water tables) for a 25-year window (2001—-Climate data for this short time step are not widely available,
2025). Climate data from VEMAP were limited to two cli- but could be derived using predicted changes from present
mate change-GCM scenarios, each giving distinctly differentconditions. Daily climate data collected at monitoring sites,
outcomes in terms of projected water table depths. that are used to calibrate the DRAINMOD model, provide a
A robust set of predicted daily mean air temperature andrecord of present climate conditions. These data can be ag-
rainfall intensity data are available by month through the yeargregated to determine mean daily average temperature and
2099 from the Lawrence Livermore National Laboratory- rainfall intensity by month. Aggregate present conditions at
Reclamation-Santa Clara University (LLNL-Reclamation- the site would be analyzed versus larger time-step GCM data
SCU) downscaled climate projections data derived from theto determine the predicted year-to-year change in air temper-
World Climate Research Programme’s (WCRP’s) Coupledature and rainfall intensity at each site throughout the period
Model Intercomparison Project phase 3 (CMIP3) multimodel of interest. Predicted changes would then be translated into
dataset, stored and served at the LLNL Green Data Oasidaily time steps by adjusting present climate records from the
(Meehl et al., 2007). CMIP3 includes 16 GCMs from var- monitoring sites.
ious sources that allow comparative predictions of air tem- A second potential concern for developing climate inputs
perature and rainfall intensity for three scenarios of greenfor hydrologic models with this approach is uncertainty in
house gas emissions (high emissions, moderate emissionke frequency and magnitude of extreme weather events (i.e.,
with mixed sources, and clean, sustainable technology) fronprolonged dry periods or intense storms). These extreme
the IPCC (2000). Data provided from CIMP3 have beenevents are commonly averaged over monthly time periods in
spatially downscaled to allow coverage of the contiguousGCMs, but may influence fluctuation in the water table via
US with a resolution of 1/8 latitude-longitude-{2km by  flooding or sustained water depletion from drought. It is an-
12km). However, work is needed before these data can bécipated that, because hydrologic signatures consistent with
readily implemented in most current local hydrologic mod- wetland conditions reflect sustained conditions, the magni-
eling tools (e.g. DRAINMOD). Different outcomes for tem- tude of influence for individual events will be minimized.
perature and rainfall intensity, and at each site, can be obThis is a research question in need of further evaluation.
tained depending on the modeling choice from the CIMP3
ensemble. An important component to using these data t@.6 Creating maps showing changes in land use patterns
drive hydrologic models is to characterize the uncertainty for
each site across the suite of CIMP3 (or other) models. For each soil of a toposequence, the predicted hydrologic
Assuming appropriate climate data can be selected, clidata under a given climate change scenario (step 5) can be
mate change impacts on the four hydrologic parameters ofompared to the benchmark water table data (step 4) to de-
interest can be computed for a given soil and its drainagdermine if a soil's drainage class transitions into a more or
class under new climate conditions. An example of data thatess well drained class. Relating changes in soil hydrology
might be obtained for one somewhat poorly drained soil isto drainage class will enable us to use existing geospatial
shown in Table 4. For this illustration, it can be seen thatsoils data (Soil Survey Staff, 2008a and b) to map where and
the soils in the somewhat poorly drained drainage class bewhen the changes in water table occur. To avoid extrapo-
came wetter for the three climate change scenarios. Impactating the model predictions to soil map units that are out-
for the Low CQ scenario were minor, in that the soils did side the range of the calibrated models, mapping units with
not meet wetland hydrology, and could still be used for on-similar taxonomic characteristics (e.g. drainage class, parti-
site waste disposal. On the other hand, impacts for the Higltle size family, temperature regime, mineralogy) will need
CO, scenario were substantial. The soils did acquire wet-to be aggregated and spatially analyzed as a common unit.
land hydrology, were unsuitable for any septic system, andy calibrating DRAINMOD to predict changes for each soil
the hydrology signature is one that would be expected forfound within a toposequence, the maps should be able to pre-
very poorly drained soils. This analysis should be consid-dict across regions with similar toposequences as long as the
ered on both short (e.g. 10 yr) and long (e.g. 40 yr) timescalesoil physical properties fall within the range of the calibrated
in order to identify trends in the hydrologic parameters un-model. We propose that by using an existing soil survey and
der each climate scenario. Identification of temporal trendscalibrated results from DRAINMOD we will be able to pre-
in the hydrology will permit isolation of soils that pose both dict where and when changes in soil hydrology might occur.
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Table 4. Hypothetical example showing how the climate change predictions for three emission scenarios might be used with calibrated
hydrologic models to determine the impact of climate change on water table levels. These data would pertain to a single soil mapping unit.
Current conditions indicated that the unit would not be in a wetland, and might be suitable for an alternative septic system. If climate changes
as a result of moderate GQevels, then the unit would become a wetland and any septic systems that had been placed in it would fail.

Conditions following
climate change

Hydrologic Parameter of Interest Current Low Moderate High
Conditions CQ CO COy

1. Proportion of years wetland hydrology

conditions met 0% 0% 50% 80%

2. Proportion of years site unsuitable for

conventional septic system 60% 70% 80% 95%

3. Proportion of years site unsuitable for alternative

septic system 10% 15% 30% 50%

4. Hydrologic signature for drainage class

a. Average depth of water table 35cm 30cm 20cm 10cm

b. Average duration of ponding 0 days 0 days 10days 40 days

While this approach remains untested, the basic procedurmined by physical factors and processes in the environment.
for making land-use change maps is possible with existingAs previously noted, a soil drainage class is determined by

soils data. the estimated depth to the water table. As the depth to the
water table decreases, the drainage class moves sequentially
2.6.1 Potential soils data sources to a less well-drained class. Conversely, should depth to the

water table increase, the drainage class transitions to a more

The USDA Natural Resources Conservation Service (NRCS)Vell-drained class.
develops, archives, and distributes soil data for the United Using the DRAINMOD predictions for the benchmark
States. At the most detailed level, soil data are distributedvater table signature, each soil mapping unit will be assigned
in the Soil Survey Geographic Database (SSURGO) formag drainage class. At this time, we would use the dominant
(Soil Survey Staff, NRCS, USDA, 2008a). The SSURGO soil component for the map unit to assign a drainage class.
database was (and continues to be) developed using ndhe drainage class will then be used to determine whether
tional standards and standardized field and laboratory meththe map unit is suitable for a septic system or is in a wetland.
ods. The spatial data within the SSURGO database typicallyT hese results can be mapped using a GIS (Fig. 5a). A similar
range in scale from 1:12 000 to 1:64 000 and are the most deprocess can be used with the climate change data to iden-
tailed level of mapping performed by the NRCS (Soil Survey tify map units that will change drainage class, and thereby
Staff, NRCS, USDA, 2008b). The SSURGO dataset containghange the types of uses they are suited for. By comparing
georeferenced digital maps, computerized tabular attributéhe two maps within the GIS, areas where land use changes
data, and associated metadata. SSURGO data are distribut@dll occur can be portrayed (Fig. 5b). The maps produced
by either county or survey area. Complete sets of spatial angdrovide planning tools at a variety of scales. At their most
tabular data are available for over 90% of the United Stategletailed, SSURGO data are appropriate to support assess-
and for 98 of the 100 Counties in North Carolina. NRCS ments at county and watershed scales. Maps at these scales
continually updates and maintains this data on local serverwill help identify areas most suitable for future development,
and makes the data available online through the Geospatidpcations of greatest water quality risk from on-site waste
Data Gateway and the Soil Survey Data Mart. system failure, agricultural areas most likely to increase or
A “map unit” within the SSURGO database represents adecrease in pro_duction, and locations of future wetlands or
collection of associated soil series, with given surface tex-Wetlands that might be at risk.
ture, slope, etc. The map units are stored digitally as spatially lllustration of the delineation of land use changes for
referenced polygon features. Within a Geographic Informa-Pitt County, NC is shown in Fig. 5. These spatial data
tion System (GIS), map units are linked to the descriptivewere obtained from the United States Department of Agri-
tabular data by their map unit identifier and are typically usedculture (USDA), Natural Resources Conservation Service
to develop maps and analyze soil properties. Many of the soilNRCS). The map assumes that soils in the somewhat poorly
properties defined within the SSURGO database are detedrained drainage class have, as a result of climate change,
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3  Summary

[ ] Suitable for Septic System

B0 Potential Wetland Hydropedology is well positioned to address contemporary

issues that affect public health and the environment that re-
sult from climate change. While other disciplines are evalu-
ating climate change predictions on global scales, hydrope-
dology provides tools that could allow us to show where cli-
mate change could impact land at county-level scales (i.e.
1:24 000). Large scale maps can then be produced that show

2008 planners how climate change might directly impact landown-
46% Wetland ers in their regions. Such maps will show landowners if their
property is in an area that is at risk due to climate change.
0 5 10 20 Kiometers To be able to develop such large-scale maps showing
i climate change impacts we have proposed a six-step process.
Techniques are currently available to perform each of the six
B steps, however, more work needs to be done to improve the
2050 accuracy of the maps produced. We have identified where

more work needs to be done. The issue that may be the
most limiting to the entire process deals with extrapolating
modeling results across large land areas. Currently too
little work has been done on the topic for us to specifically
identify the best approach. Nevertheless, the potential uses
for such climate-change maps are so large, that these limi-
tations should be viewed as critical challenges rather than
insurmountable obstructions. The accuracy of such maps
will depend not only on the climate change predictions,

17% More Wetland

[ ] Suitable for Septic System
[ Potential Wetland

New Potential Wetland
with Failing Septic

Systems but also on how closely the soils in the map units match
0 5 10 20 Kilometers those that were used to calibrate the models. Nevertheless,
=

we feel that the best way to convey the potential impacts
Fig. 5. County soil maps that have been adapted to show im acts?f climate change to citizens will be through a visual
g. > Lounty P P P ortrayal of how climate changeould affect them. Our

of climate change on septic systems and wetlands in the years 200 tention has b i t that thi 1dbed
(A) and 2050(B). GIS techniques were combined with the results Intention has been to suggest one way that this could be done.

from hydrologic modeling to identify areas where septic systems
may fail as wetlands expand. The illustration is hypothetical andEdited by: H. Lin
is used to show the type of product that might be produced. Such
maps give land use planners an effective tool to identify areas that
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